Slope instability along highways in mountainous areas is not only a major hazard for lives and passing vehicles but also may hinder traffic for long period and thus create significant economic loss. The most common type of slope instability failures in such areas is rockfalls. Many qualitative rockfall hazard rating systems (RHRSs) have been developed across the world. However, the Middle East almost lacks to such systems. For instance, in Saudi Arabia, which has the largest economy in the region, only one system of rockfall hazard rating system (RHRS-SA) has been developed up to now. This paper aimed to critically review this system. Some drawbacks were found in the RHRS-SA. However, the main disadvantage was that the final rating score of risk is not consistent with risk definition. In sum, the remarkable findings of this review can be accounted either for any future modifications for the RHRS-SA or to develop a new rockfall hazard rating system but for a specific area(s) in Saudi Arabia.
Introduction
Rockfall is a significant sporadic and unpredictable natural hazard that usually affects highways and roads which are cut in mountainous areas (Bunce, Cruden, & Morgenstern, 1997; Hungr, Evans, & Hazzard, 1999) . Rockfall is one of the most common slope instability types in the world (Badger & Lowell, 1992; Keefer, 2002; Guzzetti, Reichenbach, Cardinali, Ardizzone, & Galli, 2003; Ferrari, Giani, & Apuani, 2013) . Rockfall can be defined as a type of small scale landslide in which a single rock or boulder or a small group of independently moving rocks become dislodged from an exposed rock slope face and moves downward under the action of gravity (Varnes, 1978; Ansari, Ahmed, Singh, & Ghalayani, 2015) . The falling rocks may be in the modes of free fall, rolling and/or bouncing depending on the geometry of the rock slope (Ritchie, 1963) .
Even though, rockfall could not have the same level of economic risks as large scale slope failures, the number of people whom are killed by rockfall tends to be the same number of killed people by other types of rock slope instability (Hoek, 2006) . To differentiate between rockfall, rockslide, and rock-avalanches, rockfall can be referred to quantitative measure describing small phenomena ranging from a few m 3 up to 10,000 m 3 of detached rock block events, whereas rockslide is used to describe more than 100,000 m 3 and rock-avalanches can reach several millions m 3 (Dussauge et al., 2002) . Consequently, rockfalls can cause a disaster as that one happened in Al-Dhafir village in Sana'a, Yemen in 2008 where the entire village was destroyed and resulting in loss of life of 65 persons (Aqeel, Maerz, & Anderson, 2014) .
Most of the highway rockfall incidents are difficult to be analyzed using conventional slope stability analysis methods such as kinematic analysis (Maerz, Youssef, Pradhan, & Bulkhi, 2015) . Franklin and Senior (1997) reported that 278 out of 415 analyzed rockfall incidents along highways in North Ontario involved failure mechanisms that were more complex. This type of failure mechanism is known as raveling which is a timedependent process and where hazard cannot be recognized until rock failures take place (Maerz et al., 2015) . Subsequently, a rockfall hazard rating system is required to identify and develop a workable schedule, a systematic system, for highways and roads along rock cut (Youssef, Maerz, & Fritz, 2003) .
Several qualitative rockfall hazard rating systems (RHRSs) have been developed during the past three decades and are in use by different authorities all over the world such as: Oregon-RHRS (Pierson & Van-Vickle, 1993) , Rockfall Hazard Rating System for Ontario, Canada (RHRON) (Franklin & Senior, 1997) , New Priority Classification Systems (NPCSs) for Hong Kong, China (Wong, 1998) , Highway Slope Instability Management System (HiSIMS) for Tennessee (Miller, 2003) ,Missouri Rockfall Hazard Rating System (MORFH-RS, Maerz & Youssef, 2004) Russell, Santi, & Humphrey, 2008) , and modified Colorado-RHRS (Santi, Christopher, Jerry, & Jessica, 2009 ).
All the aforementioned rockfall assessment systems are qualitative systems, which being more popular and easyto-use compared to quantitative systems. They mainly deal with both loss of life and property damage. The vast majority of these systems have been developed in the USA (Pantelidis, 2011) . Most of the RHRSs in the USA were adopted or modified the Rockfall Hazard Rating System (RHRS) developed by Pierson and Van-Vickle (1993) or have used a combination of this system and the Highway Rockfall Hazard Rating System (HRHRS) developed by Wyllie (1987) .
In the Middle East, however, only one rockfall hazard rating system has been recently developed but for Saudi Arabia. This system is known as the Rockfall Hazard Rating System of Saudi Arabia (RHRS-SA) which was developed by Maerz and others (2015) . It is basically developed based on both of the Modified Colorado rockfall hazard rating system (Santi et al., 2009 ) and the Missouri rockfall hazard rating system (Maerz, Youssef, & Lauer, 2004; Maerz, Youssef, & Fennessey, 2005) . As a general rule, this developed system has pros and cons.
The main objective of this research is to carefully review this system with emphasis on disadvantage aspects. Therefore, any future modifications for the RHRS-SA can be built on the findings of this research. Furthermore, the results of this review can be significantly taken in consideration during developing any other systematic rockfall hazard rating systems in the mountainous areas of Saudi Arabia and similar areas.
General Geomorphology and Geology of Saudi Arabia

General Geomorphology
Saudi Arabia is the largest country in the Arabian Peninsula with an area of about 2 150 000 km 2 . Almost two thirds of this area is a desert lands known as Arabian platform which contains Al-Rub Al-Khali desert, Al-Nafud desert, and Al-Dahna desert as shown in Figure 1 . The elevation of this platform rises toward the west and the southwest where hills and mountains are the main dominant geomorphological features.
The geomorphological features of Saudi Arabia can generally be divided into four main zones as following, from west to east ( Figure 1 ): Zone (1) is the western coastal line which extends along the Red Sea. This zone is known as Tihamah plains; Zone (2) the Arabian Shield escarpment which is distinguished by harsh mountainous nature. The elevation of some mountains in this zone can locally reach over than 3 km above sea level; Zone (3) is the Arabian platform which is largely covered by desert lands; and finally Zone (4) is the eastern coastal line along the Arabian Gulf. ArcGIS 10.2 Software was used to depict these zones as shown in Figure 1 .
General Geology
In terms of geology, Saudi Arabia can be generally divided into four major distinct terrains as follows: i) the Precambrian Proterozoic Arabian Shield which is consist of metamorphic and plutonic rocks; ii) the Phanerozoic Arabian platform which composes of sedimentary rock cover, dipping gently eastward away from the shield; iii) the Tertiary basaltic plateaus (Harrats) which mainly overlies the shield; and iv) the narrow Red Sea coastal plain of Tertiary and Quaternary sedimentary rocks and coral reefs (Saudi Geology Survey [SGS], 2017) as illustrated in Figure 2 .
The Arabian Shield terrain, the western part, occupies almost one third of the total area of Saudi Arabia with a rough area of 740 000 km 2 ( Figure 2 ). It consists of Precambrian rocks, mainly igneous and metamorphic, and largely overlain by younger volcanic rocks (Bamousa, 2011) .
Rock Slope Instability Studies in Saudi Arabia
The Arabian Shield is the terrain which has a harsh and a complex mountainous nature. Hence, most of highways and roads have to be constructed traversing through hills and mountains in this terrain. Some researches were done for slope stability investigation only in this terrain of Saudi Arabia (Sadagah, 2007 (Sadagah, , 2008 (Sadagah, , 2009 (Sadagah, , 2010 Youssef, The only attempt, which is the first, to develop a rockfall hazard rating system for local Saudi nature was made by Maerz and others in 2015 . They developed what is known as the Rockfall Hazard Rating System of Saudi Arabia (RHRS-SA) but based on the the Missouri rockfall hazard rating system (Maerz et al., 2004 (Maerz et al., , 2005 and the Modified Colorado rockfall hazard rating system (Santi et al., 2009 ). In one side, this system was a great attempt and good to-some-extent approach to be used for rockfall events inventory in Saudi Arabia; but in other side, it jgg.ccsenet.org Journal of Geography and Geology Vol. 10, No. 4; has some disadvantages. Accordingly, the main objective of this research is to review this system; therefore, the following section will discuss this issue.
Description of the Rockfall Hazard Rating System of Saudi Arabia (RHRS-SA)
The RHRS-SA was designed to cost-effectively determine the need for maintenance on slope cuts and to reduce the risk of vehicle damage and traffic delays resulting from slope failures (Maerz et al., 2015) . Although this system of rockfall hazard rating was developed based on both of the Modified Colorado rockfall hazard rating system (Modified-CRHRS) (Santi et al., 2009 ) and the Missouri rockfall hazard rating system (MORFH-RS; Maerz et al., 2004 Maerz et al., , 2005 , the major part of it was based on MORFH-RS. Selection factors of hazard rating, in this system, was according to the requirement of the geology and the structures of the investigated area, which is only Jazan province (Figure 3) .
Briefly, this system classified the selected factors for risk analysis into two main types: the factors of failure hazard (Hazard) and the factors of the failure impact (Impact or Consequences). Furthermore, the factors of failure hazard are classified into four groups: slope factors, climate and water factors, rock type factors, and discontinuity factors. In contrast, the factors of the failure impact are classified into three groups: slope factors, ditch factors, and road factors. In addition, it used a failure hazard rating scale for each factor ranges from 2 (the minimum value) to 16 (the maximum value) as 2, 2 
Evaluation of the RHRS-SA
Although the RHRS-SA is the first attempt of developing a rockfall hazard rating system in Saudi Arabia, it has critical drawbacks to which this research is concerning and aiming. These disadvantages are listed and discussed below.
Calculating Risk
The main disadvantage is the final rating score reflecting risk is derived from the summation of scores of an amalgam of the potential hazard and the potential consequences of slope failure. This practice is not consistent with the definition of risk, where risk is defined as the production of multiplication of both the hazard and the consequence (Risk = Hazard x Consequences). Both of Modified-CRHRS and MORFH-RS on which RHRS-SA has been developed miscalculate risk level (Pantelidis 2011) . Accordingly, underestimation for the resulting risk will occur.
Classifying Hazard Degrees and Risk Levels
One other problem which can be noticed in the RHRS-SA is that the number of hazard categories (four categories: 
Replicating of Some Rating Factors
Another drawback is that some factors were used more than once either within the hazard factors or within the consequence (impact) factors which may cause overestimation, or even an exaggeration, in results and affects negatively cost-effectiveness measures. For instance, block size was used as a factor for each of rock type, discontinuity, and slope. Moreover, block shape was used as a factor for both block in matrix and slope. In other cases, some factors (such as the slope angle and block size) were duplicated by using them in both the hazard of failure and the impact of failure factors which will increase the score of risk and thus affect the cost-effectiveness of proposed remediation and mitigation measurements. To overcome this disadvantage, factors of slope failure hazards should be identified and specified with no repetition or duplication within those factors of slope failure impacts.
Exaggeration of Some Rating Factors
Ditch characteristic factors were given exaggerated scores of risk since each of ditch width, ditch volume, and ditch shape treated separately as individual factors. Accordingly, the rate for ditch ranges between 1 and 36. However, the volume is basically calculated based on the width, length, and depth dimensions of the ditch. These three dimensions are which generally determine the shape. Therefore, scoring only the volume of ditch would be more reliable than what was used in the RHRS-SA.
Underestimation the Hydraulic Conditions
The effect of water (hydraulic conditions) in slope materials was given much lower rate than it should be in this system. It was given for the whole rock mass regardless the type of rock even though the presence of percolating water can dramatically reduce strength of the rock materials and increase angle of repose depending on rock type (Table 1) . A research by Wong, Maruvanchery, & Liu (2016) stated that sedimentary rocks usually experience lower uniaxial compressive strength (UCS) when are wet or saturated compared with massive crystalline igneous rocks. In general, sedimentary rocks may lose more than 40% of their USC while massive igneous rocks could lose up to 10% of their strength. For diabase and vesicular volcanic rocks, the UCS can dramatically decreases up to 50% (Wong et al., 2016) . In more details, sandstone can have 45-80% reduction of its uniaxial compressive strength (Price, 1960) as well as claystone (shale and mudstone) may lose 80-90% (Jumikis 1966) . Vásárhelyi (2005) stated that limestones can lose 50-70% of its uniaxial strength when it is wetted. In contrast, slate can lose 10-20% of UCS while other metamorphic rocks may lose 30-70 % (Wong et al., 2016) . Subsequently, with no taking in consideration the effect of hydraulic condition on the uniaxial compressive strength of each rock type or bed separately, underestimation of resulting risk scores will certainly occur. Therefore, the value of the UCS should be, first, adjusted as well as the factor hazard rating based on the hydraulic condition in the area of interest.
Rock Characterization
Weathering play a major role in characterizing rocks since it can dramatically reduce the uniaxial strength of a rock (UCS) (such as granite) to a degree, in some cases, close to the compressive strength of shale or even soil. In other words, the using of rock type factor could be useless and may results in obtaining inaccurate resulting risk scores and analysis. Accordingly, the author of this research suggests using UCS as a rock characterization to get more reliable and accurate estimated risk level. The type of rock can be taken in account only to estimate the effect of the presence of water on the uniaxial strength of the rock as explained aforementioned.
Weathering Grade in the RHRS-SA
Weathering grade was rated individually for each rock type in the RHRS-SA. However, this way of rating is not practical way to score two different degrees of weathering for different rock types at the same rock cut or zone. To justify this, let's suppose there is a rock cut composes of a sequence of a rock bed of silt overlies a rock bed of granite. The weathering will surely have much more effect on the silt compared to the granitic bedrock. As a result, scoring the weathering grade for both the beds (the silt and the granite) may lead to increase the probability of slope failure regardless of the weathering grade of the granitic bed. Consequently, the author suggest that when there is more than one type of bedrocks at the same rock cut, the best is to consider only the highest score of weathering grade in order to avoid underestimation of risk analysis.
Vegetation Cover Scoring jgg.ccsenet.org
Journal of Geography and Geology Vol. 10, No. 4; 2018 6 The other drawback is that the RHRS-SA used vegetation factor for rock beds and for decomposed rocks (highly weathered rocks) and soils at the same level of scoring and risk analysis. However, vegetation has two different opposite roles in slope stability. While the occurrence of vegetation cover is favorable in soil mass slopes since it holds soil particles, it has adversely effects on rock slopes causing cracks and fractures that can lead to rock slope failures. Therefore, scoring vegetation cove in soil is opposite to the scoring scale for vegetation cover in bedrocks.
Not Considering Facilities Nearby
Another issue is that the RHRS-SA did not consider the presence of any facility in the failure zone (on the top, at the toe, and/or near the toe of the slope). Accounting such factor will certainly give highly priority for correction measures even for low failure hazard since the potential failure consequences could be highly undesirable.
Economic factor
Both of MORFH-RS and Modified-CRHRS deal only with loss of life and thus consider only the human safety factor (Pantelidis, 2011) without any accounting for economic loss.
3.2.11 The Area Size on which the RHRS-SA was Applied and Developed
The last point is that the RHRS-SA was developed based on investigating rockfall events only in Jazan (or Jizan) province, which is located at the southwestern part of Saudi. Jazan is the second smallest province, after Al-Baha province, with an area of about 13 457 km 2 . This area represents about 1.82 % and 0.60 % of the entire area of the Arabian Shield and the Saudi Arabia, respectively (Figure 3 ). Although the Arabian Shield is generally a mountainous terrain, its climate varies dramatically between the northern regions where snow falls in winter, the middle regions where precipitation and rainfall is less, and the southern regions where rainfall is higher and climate is warmer. Consequently, the RHRS-SA should not have been generalized as it is applicable for the whole area of Saudi Arabia. It could be applicable, but after modification, for the entire southwestern part of the Saudi since the areas of this part have almost the same geology, structures, geomorphology, and climate. (Price, 1960) claystone 80 -90% (Jumikis, 1966) Limestone 50 -70% (Vásárhelyi, 2005) Massive Igneous ≤ 10% (Wong et al., 2016) Diabase and Vesicular volcanic ≤ 50% (Wong et al., 2016) foliated metamorphic 10 -70% (Wong et al., 2016) 
Conclusions
The RHRS-SA is a qualitative system for assessment and rating rockfall event hazards. This system can be considered the first developed one for highways and roads in Saudi Arabia. Even though it is a good attempt in the field of rockfall hazard inventory and assessment, it has some significant drawbacks to which should be pointed out. The major disadvantage is the summation of the probability hazard and probability consequence factors. This practice is not consistent with the definition of risk, which is the product of the multiplication of hazard and consequence factors, and thus resulting in underestimation for risk. In contrast, some factors are used as factors for both hazard probability and consequence probability at the same time which may cause overestimation for resulting risk. The other disadvantage is the lack of estimating the effect of hydraulic conditions on uniaxial compressive strength values of rocks. Last but not least, vegetation cover factor is used at the same level for both rock slopes and soil slopes which leads to misanalysis and misinterpretation for rockfall event risks. While vegetation is considered a stabilization method for soil or decomposed rock slopes, it is known as a biological weathering factor for rock slopes.
Finally, this RHRS-SA was developed based on field inspection for rockfall events in a small part of Saudi Arabia (Jazan Province). Therefore, it is recommended to be used only, after making modification, for the southwestern part of Saudi Arabia. In other words, after modifying the RHRS-SA, this system could be applied for rockfall
